Adeno-associated virus (AAV) is a defective parvovirus that requires coinfection with either adenovirus or herpesvirus for its growth and multiplication (1, 2, 9, 25) . The AAV genome is a linear, single-stranded DNA with a molecular weight of 1.5 x 106, and DNA strands of both polarities are encapsidated in separate mature virions with equal frequency (3, 8, 21, 33, 36) . AAV provides a good model system to study eucaryotic genome organization and gene expression because it is one of the smallest DNA-containing viruses. Extensive studies have been carried out on the physical characterization of AAV DNA (5, 6) . The genome is flanked by inverted terminal repeats that are 145 nucleotides in length. Nucleotide sequence analysis of the inverted terminal repetition has been done (31) . The first 125 nucleotides of the inverted terminal repeats are palindromic, and the significance of the palindromic termini in DNA replication has been well documented (6, 17, 39, 40) .
Although DNA strands of both polarities are encapsidated into separate virions, the transcription of AAV occurs only from the minus strand (14) (15) (16) 37) . A significant body of data is available concerning several mRNA transcripts of AAV, which are polyadenylated and present in both spliced and unspliced forms (12, 23, 29) . The 5' termini of the three major transcripts have recently been mapped on the AAV genome (22, 29) . All of the transcripts appear to have a common 3' terminus (29) . The spliced form of the shortest mRNA, which is also the most abundant species late in infection, is believed to code for all three major viral capsid proteins (26, 29) . This transcript is 2.3 kilobases long, and its promoter maps at 0.385 map unit. The transcription is initiated 31 ± 1 bases downstream from the Goldberg-Hogness box, and the RNA is spliced between map units 0.41 and 0.49 (22) (23) (24) 29) . Data are scant with regard to possible nonstructural viral proteins and polypeptides and their coding regions. The existence of large transcripts which do not code for structural proteins suggests that nonstructural proteins might exist (23, 25, 26) . In light of the foregoing, it was of interest to ascertain the nucleotide sequence of the entire AAV genome to gain further insight into the genome organization and gene expression of AAV. Lusby and Berns (30) have recently reported the nucleotide sequence of the left 45% of the genome (nucleotides 1 to 2,116). We report here the complete nucleotide sequence of the AAV genome, possible gene organization, and the amino acid sequences of major viral capsid proteins and of putative nonstructural viral proteins.
MATERIALS AND METHODS Cells and viruses. AAV 2H (25) was propagated in HeLa cells in suspension culture with adenovirus type 2 (Ad2) helper as described before (36) .
Virus and DNA purification. AAV was purified from Ad2 by banding in CsCl after the treatment of infected cell lysates with trypsin and deoxycholate as described before (36 4, 632) with Hinfl. The fragments were strand separated on a 20% polyacrylamide gel, and the labeled 16-nucleotide-long primer was extracted from the gel, annealed to cDNA at 60°C for 60 min, cooled slowly, ethanol precipitated, washed, and suspended in 0.04 M Tris-5 mM dithiothreitol-5 mM MgCl2, pH 8.0. Each deoxynucleoside triphosphate (to 1 mM) and 80 U of reverse transcriptase were added, and the reaction mixture was incubated at 41°C for 3 h. Sodium acetate was added to a 0.3 M final concentration, and the extended primer was ethanol precipitated, washed, dried, dissolved in deionized water, and sequenced as described before (35) .
RESULTS
Nucleotide sequence of the AAV 2 genome. We determined the complete nucleotide sequence of AAV DNA. The sequencing strategy for nucleotides 1 through 2,116 has been presented before (30) . An outline of the sequencing strategy for the remainder of the genome is shown in Fig. 1 . This part of the sequence was determined exclusively by the method of Maxam and Gilbert (32) , using virion DNA. For the majority of the genome, strands of both polarities were independently sequenced. All of the restriction sites used as starting points were also sequenced as internal points in overlapping fragments and could be accounted for from the known restriction maps of AAV DNA. The complete nucleotide sequence of AAV DNA is shown in Fig. 2 A 1-to 2-base heterogeneity at either end of the the terminal 125 nucleotides. As a consequence DNA has been described previously. At the 5' of DNA replication, there is an inversion of the termini, 35, 50, and 15% of the molecules con-terminal 125 nucleotides, leading to two possible tain TTGG, TGG, and GG, respectively (19) . sequences at either end of the genome. The Another feature of the genome is the presence of heterogeneity is only in the 43 nucleotides coninverted terminal repeats that are 145 nucleo-tained within the two small internal palindromes tides long. The first 125 nucleotides are palin-(31). In Fig. 2 , the ffip and flop orientations are dromic (30) and have been shown to be implicat-highlighted in the left and right terminal repeats, ed in AAV DNA replication in vivo (6, 17, 39, respectively. There are no sites for restriction 40). In detail, there are two internal palindromes enzymes BgIII, HpaI, PvuI, XbaI, and XorII contained within a larger overall palindrome in and only one site each for restriction enzymes (29) . We carried out the precise mapping of the 3' termini of the transcripts as described above (35) . A 12% sequencing gel depicting the nucleotide sequence ladder corresponding to the sequence between nucleotides 4,377 and 4,447 is shown in Fig. 3 . This sequence places the common 3' termini of the AAV transcripts at nucleo- (20) . It is also interesting to note that the first TATA box and the functional polyadenylation signal AATAAA are both approximately 250 nucleotides into the genome from either end, which is in agreement with the data of others that virtually the entire AAV genome is transcriptionally active.
Open reading frames and viral gene products. Open reading frames in the DNA sequence were determined by computer analysis. Figure 4 represents such an analysis and a schematic representation of the distribution of initiator triplets (ATG) and terminator triplets (TGA, TAA) across the AAV genome, as well as the spliced and unspliced forms of the three transcripts. As is evident from Fig. 4 , both spliced and unspliced transcripts contain at least three major open reading frames, two of which lie in the left half of the genome and share a common reading frame. The third, in the right half of the genome, overlaps with a fourth smaller one, but different reading frames are used.
Although no viral proteins have yet been identified that are coded for by the transcripts originating at 0.06 and 0.19 map unit positions, the spliced forms of these transcripts can code for two proteins with approximate molecular weights of 67,000 and 40,000. Their unspliced counterparts, however, can code for two larger proteins with approximate molecular weights of 77,000 and 50,000, respectively. These two open reading frames are in phase and can code for proteins with a common carboxy terminus. Numerous shorter open reading frames exist, but none would code for a polypeptide of molecular weight >7,000. It has been reported that the spliced form of the shortest transcript is the most abundant species late in infection and the only one associated with polysomes at that time (24) . Independent data suggest that the shortest transcript codes for all three coat proteins (molecular weights, 85,000, 72,000, and 61,000) (26) . In the spliced form of this transcript, there is -a leader sequence of approximately 640 nucleo- Finally, the analysis was extended to determine the frequency of codon usage by the putative gene for the viral capsid proteins. Such an analysis is shown in Table 1 . It is noteworthy that CGN triplet codons are used at a much lower frequency, an observation consistent with other known eucaryotic genes (27, 41) . Data shown in Table 2 compare the amino acid composition of the viral capsid proteins derived from the nucleotide sequence and that determined experimentally by Rose et al. (38) . The similar values obtained indicate the likelihood that the viral structural proteins are indeed coded for by the mRNA transcripts that map on the right half of the AAV genome.
DISCUSSION
Mammalian DNA viruses have provided powerful model systems for studies on eucaryotic genome organization and gene expression. By virtue of its small size, the AAV genome is readily amenable to the type of detailed study described in this paper. We determined the complete nucleotide sequence of the AAV genome to define the intricacies involved in viral replication, transcription, and gene expression at the molecular level.
The inverted terminal repeats in the singlestranded viral genome are interesting in several respects. They have been demonstrated to be at junctions between viral and cellular sequences in AAV latently infected cells (18) and seem to be important in the rescue of AAV DNA from the integrated state (Samulski et al., unpublished data). These data suggest that the AAV genome may function as an insertional element, all of which contains terminally inverted repeats (11) .
Additionally, in its most common form, the genome is flanked by TG and CA, which is also of interest because all known eucaryotic insertional elements have the same dinucleotides at their termini. The relationship between the arrangement of terminal sequences in AAV DNA and the process of AAV DNA replication is well established (6, 39, 40 ).
The process of AAV genome transcription has been described in relatively great detail. Studies on in vivo transcription indicate that only the negative strand of AAV DNA is transcribed by the host cell RNA polymerase 11 (13) . Whether there is regulation of the relative amounts of the three major RNA transcripts that are derived from overlapping regions representing approximately 92% of the viral genome has not been rigorously determined. Although the shortest transcript is the most abundant species late in a productive infection (26) , this is not the case when cells containing functional Ad Ela and b are infected by AAV alone. Under these conditions, the longer species are more abundant (M. A. Labow and K. I. Berns, unpublished data). Little information is available on AAVspecific protein synthesis. Three major capsid proteins (approximate molecular weights, 85,000, 72,000, and 61,000) and two nonstructural proteins (approximate molecular weights, 25,000 and 16,000) have been observed in infected cells (10) . All three of the capsid proteins are believed to be derived from the smallest RNA transcript, initiating at 0.385 map unit. This presents an apparent paradox, because the open reading frame can potentially code for a protein with a maximum molecular weight of 63,000. Several explanations are possible. (i) The sequence is incorrect, and there is an earlier ATG in phase. We think this is unlikely, because Green and Roeder (22) sequenced much of this control region and have also failed to find an ATG triplet. (ii) A triplet other than ATG (or GTG) is used for initiation; this would be unique. (iii) The molecular weight determined for the proteins may be incorrect because of post-translational modifications or unusual conformations, which might alter the gel mobilities. (iv) The putative TAA stop codon might be suppressed in some instances. However, this alone would be insufficient to account for the size discrepancy unless transcripts were copied off multimeric or circular forms of the genome. (v) There could be unsuspected processing of either RNA transcripts or proteins. Indeed, F. W. Studier (personal communication) has found that the translation of the mRNA of bacteriophage T7 gene 10 involves a phase change leading to the synthesis of two coat proteins of different sizes with overlapping amino acid sequences. Data to support any of the above hypotheses have yet to emerge. In addition, the reason for the presence of a rather large leader sequence upstream of the first AUG triplet codon in the spliced form of the smallest transcript is still unclear, although a similar observation has been made in an immediateearly gene transcript (IE mRNA-5) of herpes simplex virus type 1 (42) .
The large open reading frames on the left half of the genome suggest the existence of nonstructural proteins. Although no proteins known to be coded for by the two large transcripts mapping on the left half of the genome have yet been detected in infected cells, at least two nonstructural viral proteins could conceivably be derived from these transcripts. Putative functions for such nonstructural proteins could include a role in DNA replication or in the integration process in latent infection. A similar situation exists in the gene expression of the autonomous parvovirus, minute virus of mice, wherein one of the nonstructural proteins that is found associated with the 5' ends of the viral DNA is believed to be coded for by the transcript mapping in the left half of the genome (D. Ward, personal communication). McPherson In summary, we obtained the complete nucleotide sequence of the AAV genome, mapped all the major mRNA transcripts on the genome, and assigned segments of the genome to code for putative nonstructural viral proteins and the major viral capsid proteins. Further work involving the identification of other viral proteins is under way.
